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Abstract

:

Dyes are the most carcinogenic organic compounds that are discarded by most of the textile industries without any prior treatment, which is harmful for the environment. This study aims to develop a bentonite-clay/carbon-nanotube (CNT)-based adsorbent to treat textile wastewater for water sustainability. The preliminary and post-characterization of adsorbent involves scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and Brunauer–Emmett–Teller (BET) and energy-dispersive X-ray (EDX) analysis to determine the changes in surface morphology, functional group, and surface area of the adsorbent. Linear and nonlinear isotherms and kinetic studies were performed to explore the sorption mechanism. The results show that the nonlinear form of the Langmuir isotherm best fits adsorption with a qmax of 550 mg/g. The adsorption followed the nonlinear pseudo-first-order kinetics, favoring chemisorption with R2 ≈ 1 and X2 = 0.22. Maximum dye removal (89.9%) was achieved under the optimum conditions of pH 3, an adsorbent dose of 100 mg, and a contact time of 120 min, with an initial COD concentration of 1140 mgL−1. This study has demonstrated the successful application of a bentonite-clay/CNT-based adsorbent on textile wastewater treatment.
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1. Introduction


Rapid urbanization and industrialization necessitate the investigation of low-cost, environmentally friendly wastewater treatment techniques [1]. The textile sector is the second largest among the industries, producing high volumes of wastewater. The dyes used in the textile for coloring are toxic and carcinogenic for marine life and humans. Almost 20% of the dyes are released in the wastewater without further treatment, which may also harm crops and agriculture [2]. Scarcity and water pollution are serious global problems affecting public health and the environment. Various biological, physical, and chemical methods are used for treating textile wastewater [3]. The biological techniques include trickling filters. Activated sludge provides efficient dye removal but produces a massive amount of sludge that may require special sludge handling and safe disposal [4]. Physical methods, including membrane filtration, dialysis, electrodialysis, and ion exchange, are the most effective for removing persistent dyes. Still, they are unsuitable on a bulk or industrial scale because of the associated fouling problems [5]. Chemical methods like ion exchange, disinfection, and coagulation–flocculation are time-consuming and do not provide efficient removal. The above-mentioned methods are expensive, time-consuming, inefficient, and do not totally remove organic compounds from wastewater.



There are several disadvantages of the adsorption process reported in the literature such as the slow rate of adsorption, chemisorption seldom being reversible, recovery of active sites, active site poisoning, competition of adsorption in multiple pollutants, etc. Therefore, it is indeed important to study the effectiveness of an adsorbent in challenging conditions such as real-world wastewater matrixes. However, adsorption is a simple, easy, and economical wastewater treatment method, compared with other available methods. Adsorption has excellent potential for treating textile wastewater due to its enhanced adsorption capacity compared to ozonation and other advanced treatment methods that may be expensive, time-consuming, and lead to the formation of by-products which is, in some cases, may be more toxic than the initial pollutant [6].



Adsorption demonstrates high removal efficiency compared to other conventional treatment methods. Due to the extremely small size of the adsorbent and the enhanced sorption capacity, nanomaterials have proven to be a promising tool for wastewater treatment. Carbon nanotubes can remove biological contaminants from wastewater more effectively than activated carbon, specializing their use towards biological pollutants. Carbon nanotubes (CNTs) are usually expensive to apply in such settings; CNTs are combined with different adsorbents to increase their sorption capacity. Further studies are still required to overcome the most recent challenges regarding nanomaterials [7]. CNTs are sp2 hybridized and are combined with different adsorbents due to the strong van-der Waals and intermolecular form of attraction; thus, a supporting material is required to assist the dispersion of CNTs in the clay matrix for a better adsorption performance [8]. Carbon-based CNTs (carbon fibers, graphene) are utilized for the waste treatment due to their tremendous adsorption capacity. Clay minerals (bentonite) have also been used independently because of their high adsorption ability. The adsorption properties of bentonite have been extensively investigated, including its surface area, pore size, pore volume, and the pros and cons of clay minerals. To improve adsorption capacity and remove bulky organic adsorbate microorganisms, clay-based nanocomposites and CNTs have been developed. Bacteria would be efficient adsorbents for wastewater treatment, unlike activated carbon, which is costly and limited to removing bulky organic adsorbate, due to its microporous structure [9].



Carbon-based CNTs (carbon fibers, graphene) are widely used for wastewater treatment. Activated carbon, due to its substantial adsorption capacity, has been widely used for wastewater treatment but is costly, which limits its usage on a large commercial scale. The reusability, adsorption capacities, and desorption rates of CNTs are far better than that of other adsorbents. CNT-based adsorbents have been widely studied with regard to their ability to remove dyes from wastewater [10], and their removal efficiencies are comparable to those of the carbon-dependent sorbents used for commercial purposes. A maximum sorption capacity of 76.92 mg.g−1 was observed for acid-functionalized MWCNTs in removing Ismate violet 2R at 120 min and a pH of 4, with an initial concentration of 10 mgL−1 [11]. The 98.7% of cationic dyes were removed by using 40 mg of MWCNTs with an initial concentration of 10 mgL−1 in 80 min [12]. A total of 95% of methylene red dye was removed from an aqueous solution with an initial concentration of 35 mgL−1 and a pH of 6 in 30 min [13]. The treatment of organic pollutants with MWCNTs, involving mechanisms such as π–π interactions, electrostatic interactions, hydrophobic interactions, hydrogen bonding, and Lewis acid–base interactions have demonstrated the need for additional investigation [14]. CNTs are expensive and hydrophobic and when combined with different adsorbents via strong van-der Waals and intermolecular forms of attraction provides better dispersion of CNTs in aqueous solution [15]. Nanoclays (bentonite) have been widely independently used because of their availability, low cost, high adsorption ability, and removal efficiency. Many researchers have tried to increase the adsorption properties of bentonite, such as its surface area, pore size, and pore volume, along with addressing the pros and cons of other clay minerals [16]. Acid treatment, treatment with organic and inorganic compounds, and calcination mainly enhance the surface area, porosity, and adsorption capacity [17]. More than 90% removal of methylene blue was achieved using 0.0 g of Iraqi bentonite with an initial concentration of 10 mgL−1, a sorption capacity of 256 mgg−1, and a pH of 5.60 in 120 min [18]. A comparative study has investigated the adsorption capacities of acidified and raw bentonite clay for the adsorption of Congo red dye under operating conditions of pH, time, adsorbent dose, and dye concentration. After treatment with citric acid, the pore diameter increased from 8.06 nm to 11.7 nm, increasing the adsorption capacity from 250 mgg−1 to 384 mgg−1 [19]. Due to the swelling properties, and aggregation issues of clay limits its usage for large and bulk-scale operations that’s why clay is modified with some acids base or immobilized on some surface of metal oxides to enhance surface area and adsorption capacity.



Moreover, the adsorption process involves the nonlinear interaction of various process variables; thus, the classical and conventional method for process optimization is no longer effective because it takes a lot of effort, time, and experimental runs. Additionally, the method does not explain the interaction of all operating variables. To overcome such limitations, scientists provide statistical, mathematical, and experimental designs like response surface methodology (RSM) to optimize all the process variables involved in the sorption process. RSM is a mathematical and statistical tool for the design of experiments. The statistical model was developed by studying the effect of various process variables by varying the process variables simultaneously. The prime focus of RSM is to provide the optimum process conditions in a limited time by reducing number of the experimental runs [20].



The five-level central composite design and three-level Box-Behnken in RSM are the most commonly used fractional factorial designs. CCDs are more accurate, robust, and non-ratable designs, containing axial points outside the cube. With CCD, we can quickly estimate the second-order and first-order terms. The face-centered CCD is the most commonly selected in the adsorption as per the literature, where all of the central or axial points lie in the center, ensuring repeatability and reproducibility by reducing the five-level CCD design to three-level, thus reducing the number of experimental runs, cost, effort, and time [21].



The present research involves the treatment of real textile wastewater via modified bentonite clay CNT adsorbent in a batch mode. The operational parameters (pH, adsorbent dose, and contact time) were optimized using the RSM-CCD approach. The adsorption kinetics and equilibrium, both linear and nonlinear, were studied and compared. The thermodynamic study has been performed to check the feasibility and economics of the absorbent. The effects of adsorption on surface roughness, porosity, and size distribution have been evaluated using an image processing technique. The parametric conditions for dye removal and COD reduction in real wastewater were studied. It is essential to mention that clay-based carbon nanotubes were utilized as an effective adsorbents for various pollutants in previous studies. However, in previous studies, only synthetic aqueous solutions were used to investigate the effectiveness of the proposed adsorbent.



On the other hand, in the current study, for the first time, we have examined the adsorption of the proposed material in real textile wastewater. Real textile wastewater is more complex and challenging than aqueous solutions in investigating the effectiveness of an adsorbent. Moreover, we have also applied response surface methodology (RSM) for process modeling and optimization. This research may bring about environmental and economic benefits, bringing us closer to achieving the United Nations’ sustainable development goals.




2. Materials and Methods


2.1. Materials


The textile wastewater sample was obtained from Siddiqsons Dyeing and Printing Industries (Pvt) Ltd., from the dying sector of Lahore, Pakistan. The sample was stored in the refrigerator at 4 °C until used. The bentonite clay (natural montmorillonite, particle size less than 2 µm) was purchased from Merck (Darmstadt, Germany), and commercial MWCNTs OD (20–40 nm), 90% purity, and 0.07 g cm−3 bulk density were purchased from Sigma-Aldrich (Burlington, VT, USA) and used raw material. Alumina (Al2O3, ≥90%), manganese dioxide (MNO2 ≥ 90%, 5.03 g/cm3 density), ethanol (≥98%, 0.789 g/mL), and dimethylformamide (DMF, ≥99.5%, 0.949 g/cm3) were purchased from Merck (Darmstadt, Germany); 0.1 M hydrochloric acid (37% purity) and 0.1 M sodium hydroxide were used to maintain the pH of the solution. The initial characterization of textile wastewater was performed and is shown in Table 1.




2.2. Adsorbent Preparation


2.2.1. Fabrication of MWCNTs with Bi-Metallic Oxide


The multiwall CNTs were modified via the wet impregnation method, as shown in Figure 1. An amount of 1.5 g of multiwall carbon nanotubes were modified with a 5 g mixture of bi-metallic oxides (Al2O3 and MnO2, 1:1), by adding in a 150 mL of ethanol (as a solvent for both CNTs and metal oxides), and the sample was sonicated in an ultrasonic bath for one hour. After impregnation, the solvent evaporated when placed in a beaker in a convection oven at 80 °C for drying. For four hours, put the solid product in a muffle furnace for calcination at 350 °C. This leads to the attachment of metal oxides (Al2O3 and MnO2) on the surface of CNTs [10]. The oxide phase is generated after calcination [22].




2.2.2. Acid Activation of Bentonite Clay


For acid functionalization of clay, 200 g of bentonite clay was soaked in 271.5 mL of 5 M sulfuric acid for 24 h at 25 °C in a beaker and washed thoroughly with distilled water several times until the pH was neutralized. The resultant mixture was centrifuged at 3000 rpm for 10 min and allowed to dry in an oven at 105 °C for 24 h to separate the bentonite clay from the resultant mixture. This modification increases the Si/Al ratio and solubility of Al cations from the octahedral layer of bentonite clay. The composition altered with the acid functionalization; this decreased the content of Al2O3, MgO, K2O, CaO, etc., in the treated clay. The decrease in the Al2O3 in the treated sample was attributed to the leaching Al+3 due to hydrolysis increasing the Si/Al ratio. This rapid removal of Al+3 ion from the octahedral layer of bentonite clay leads to an increase in silica content. The cations are replaced with the H+ ions of the mineral acid with the dissolution of the structural cations, i.e., Si4+ and Al3+. This results in the development of new pores and strongly protonated surfaces, resulting in a considerable rise in the surface with enhanced surface area and adsorption capacity [23].




2.2.3. Synthesis of Bentonite/CNT-Al2O3-MnO2


The fabrication of Clay-CNT nanocomposite was carried out via the solution-blending method. The composite provides better adsorption capacity even if it is in the trace levels and causes -CONH bonding, as confirmed by the reflection at 1500 cm−1 in the FTIR spectrum [10]. Bentonite clay is a supporting material for the impregnation of MWCNTs. To overcome the hydrophobic and aggregation issues of MWCNTs for this purpose, combine equal volumes of both acidified bentonite clay and impregnated MWCNTs with 500 mL of DMF [24]; a common solvent was selected to assist the uniform dispersion and high solubility for clay and MWCNTs (MWCNTs show better dispersion and stability with DMF in comparison to other solvents). Sonicate the mixture for 40 min and heat to 90 °C.



The mixture was placed in a round-bottomed flask equipped with a reflux condenser and placed on a hot plate to maintain the temperature at 90 °C, then refluxed for 24 h. The residue was then washed with distilled water, removed via centrifuging at 3000 rpm, and dried in an oven at 90 °C.





2.3. Design of Experiments


Batch experiments were performed in 250 mL Erlenmeyer flasks containing 50 mL of real textile wastewater at room temperature by varying the pH (3–8), adsorbent dosage (50–100) mg, and contact time (30–120 min at a 250 rpm in an orbital shaker (220 V/50 Hz, OS-1400)). After each run, the residual solution was centrifuged at 3000 rpm for 10 min and the absorbance value was analyzed using a UV-Vis spectrophotometer (Shimadzu UV-3100PC, Kyoto, Japan). A maximum absorbance wavelength of λmax of 535 nm was considered a reference or initial absorbance at time = 0. Figure 1b illustrates further analysis to determine the conditions for percentage of dye removal. These process variables and value ranges were selected based on the literature reports for the adsorption of dye [25]. The pH was adjusted using the portable pH meter, using the 0.1 M HCl and 0.1 M NaOH solutions. The percentage of dye removal here does not explain the amount of dye removed per unit of mass (qe) and the adsorption capacity of the adsorbent at equilibrium. Thus, the adsorption isotherm and kinetics study were performed by repeating the experiments at optimum conditions of adsorbent dose, pH, and time to evaluate the adsorption capacity, nature, and adsorption mechanism, as shown in Table 2. However, additional batch experiments were also performed on optimized conditions to investigate the influence of various process variables on the percentage of color removal measured via Equation (1). All experiments were repeated in duplicate, and the average of two values was considered for all calculations.


  Dye   Removal   ( % ) =    A 0  −  A I     A o    × 100  



(1)




where Ao and Ai are the initial and equilibrium absorbance. The adsorption capacity was also determined via the following equation.


  q e =   (  C i  −  C f  )   V  M   



(2)







Ci and Cf are initial and final COD concentrations found using the standard HACH method, using the 8000 reactor digestion method [16]. The initial COD was 1140 ± 15 mg/L with 10 times dilution (DF = 10) [26]. M is the adsorbent amount in grams, V is the solution volume in liters, and qe is the adsorption capacity (mg/g) [18].




2.4. Response Surface Methodolofy for the Dye Removal from Textile Wastewater


Central Composite Design (CCD)


The focus of CCD is to set up and perform the experiments in such a way as to extract maximum data from the minimum number of experimental trials. The central idea is to alter all the relevant variables in a designed experimental series and then to interpret and relate the results simultaneously through mathematical modeling and statistical analysis. CCD is a combination of statistical and mathematical techniques which uses the data to analyze and provides significance to the data. The response of interest is influenced by three independent variables: solution pH, adsorbent dose, and contact time in the dye removal [20]. In this study, statistical analysis was performed using Design Expert 7 (STATE-EASE Ince., Minneapolis, MN, USA). Table 3 shows the variable ranges selected in the experiment design, while the statistical analysis of the response is mentioned in Table 4. All the experiments were conducted according to the CCD matrix, at random to avoid the possibility of any systematic errors in measurement. Therefore, randomization was used to mitigate the effect of unwanted factors such as noise. The variables were compared in the standard order: a sequenced, non-random combination of factors and levels.



The CCD contains eight factorial runs with six axial runs (six center runs) and six replicates at the center to verify the repeatability and reproducibility of the experimental data and generate twenty runs [27]. The axial points are located at the center where α = ±1. α is the distance of axial points from the center, making the design rotatable. We selected the CCD face-centered mode, where all the axial points are at the center. The design required three levels for each factor. N is the required number of experiments, and n is the number of variables.


  N =  2 n  + 2 n + n =  2 3  + 2 × 3 + 6 = 20  



(3)







The second-order regression polynomial equation was selected to predict the dye removal efficiency based on the experimental analysis given by Equation (4):


  Y = β +     ∑  i = 1  3    β i   x i  +   ∑ 1 3   β i i x  i 2  +   ∑  i = 1  3   β i j  x 3         O  +   ∑  i = 1  3   β i j x i x j + ε    



(4)







Here, y is the predicted response (dye removal); xi and xj are the coded independent variables; β0 is the constant and βi, βii, and βij, are the linear, quadratic, and interaction coefficients of adsorption respectively, and the term  ε  as the error. The experimental results of the effects of process variables on the response (% of decolorization) are shown in Table 4. The statistical significance of the fitted model, factors and their interactions, and validity were analyzed.





2.5. Characterization of Adsorbent


Chemical structural changes before and after adsorption were determined using a Fourier-transform infrared spectrophotometer (FTIR) (Shimadzu FTIR-8400 S spectrophotometer, Kyoto, Japan) in the 4000–500 cm−1 range. Scanning electron microscopy (SEM) (Zeiss, Supra, 35 VP, FESEM, Oberkochen, Germany,) at the accelerating voltage of 10 kV, was used to analyze the surface morphological changes before and after adsorption. Energy dispersive X-ray spectroscopy (EDS) was used to measure the elemental composition before and after adsorption. The surface area, pore size distribution, average pore volume, and pore diameter of the adsorbent before and after adsorption was measured from adsorption-desorption isotherms of liquid nitrogen at 77 K using BET apparatus (Brunauer-Emmett-Teller) porosity analyzer micrometric ASP 2020, V3.04H). The sample weight (0.1–0.2 g) was degassed for 12 h under a vacuum using nitrogen gas as a probe gas. The pHzc was measured via the typical salt addition method and was recorded as 4.5. For this purpose, the aliquot of 0.1 M NaNO3 (40 mL) was collected in six different Erlenmeyer flasks. The pH was adjusted between (3–8) using 0.1 M HCl and 0.1 M NaOH solutions. The absorbent quantity of 0.1 g in each flask was added and placed in an orbital shaker at 150 rpm for 24 h at room temperature. At equilibrium, filter the samples using Whatman filter paper No. 41. The filtrate’s pH was recorded, and the graph was plotted between the changed and initial pH values. The point where the difference in pH becomes zero would provide the pHzc [28].





3. Results


3.1. Fourier-Transform Infrared Spectroscopy


The changes in a functional group of modified clay CNT before and after adsorption were identified via the FTIR spectra shown in Figure 2. The sharp peaks at 1120–1000 cm−1 in the raw clay are due to the Si-O-Si bending. Two sharp peaks appear at 914 cm−1 and 990 cm−1 in the raw clay, showing the Al-Al-OH vibrations and Si-O-Al in the clay sheets [29]. The peaks at 778 cm−1, 688 cm−1, and 528 cm−1 are due to Al-Mg-OH, Si-O-Al, and Si-O-Al stretching present in the octahedral and tetrahedral sheets of raw bentonite. The absence of any peaks below 3000–1800 indicates there being no organic impurities present in the raw clay, pristine MWCNTs, or clay CNT, and no changes were observed after adsorption. A sharp peak at 1030 cm−1 represents the C-O bending in the pristine MWCNT structure [30]. The peaks from 1100–1200 cm−1 in the pristine CNTs show the C-H stretching of MWCNTs. Two sharp peaks were observed at 996 cm−1 and 900 cm−1, which were attributed to the C-C carbonyl stretching of pristine MWCNTs in the plane [31]. The sharp peaks at 517 cm−1, 520 cm−1 correspond to Si-Si, Si-O-Al stretching, and Si-Mn tetrahedral bending in the clay CNT due to the impregnation of metal oxides onto the surface of MWCNTs [31]. The different peaks from 520–800 cm−1 with varying intensities depict the loading of metal oxides, depending upon the nature of metals in clay CNT before adsorption [31]. After adsorption, the vibrational peaks become more intense and shift towards the right because of surface convergence due to dye molecules from real textile wastewater. The peak shifts after adsorption in the FTIR results show that the adsorption of dyes onto the nanoparticles may be due to electrostatic interaction and the π-π stacking of aromatic rings. This interaction may be due to the hydroxyl bonding (OH) between the oxygen-containing functional groups of clay CNT and the carbonyl functional groups of dyes, respectively. Hence, the appearance of the characteristic peaks below 700 cm−1 indicate the successful loading of metal oxides; the peaks at 996 cm−1 and 900 cm−1 clay-CNT indicate the successful synthesis of composite nanoparticles.



The surface morphology for the synthesized composite before and after adsorption is shown in Figure 3. The average size distribution histogram of 100 particles was calculated using the open-source image processing Image (1.53p) software [32]. Figure 3a shows the heterogeneous aggregation of large bentonite flakes and fibrous CNTs, representing the linking-network-like structure. The luminous crystallite is settled at the outer surfaces of the samples, representing free silica in the structure of the bentonite, due to the rapid leaching of Al ions from its octahedral layer while being treated with 5 M sulphuric acid. Fibers are uniformly distributed in the range of 10–60 nm, with an average diameter of 35 nm, as shown in Figure 3b. Figure 3e shows the carbon nanofibers tubular, entangled, randomly oriented, and highly tangled surfaces. The diameter of nanofibers ranges from 10–180 nm, with an average diameter of 32.5 nm, as shown in Figure 3f. This confirms the uniform dispersions of CNTs. However, after adsorption, the irregular, non-uniform, and poor dispersion of MWCNTs can be seen in Figure 3c. This may be due to the coordination between oxygen and the carbonyl group of dyes present in textile wastewater. After adsorption, the distribution histogram becomes narrow, representing the uniform size distribution of particles. The average diameter is reduced to 21 nm and 27 nm.



The distribution curves indicate that the higher removal efficiency was found in particles with smaller diameters. The relative increase in adsorption with particles of a smaller size may be because they have a larger surface area. Small particles will have a shorter diffusion path, thus allowing the adsorbate to penetrate deeper into the adsorbent particle more quickly, resulting in a higher adsorption rate. In the case of large particles, the internal diffusion path is increased, and therefore, so is the probability of encountering smaller pores [25]. However, the tube diameter is about 20–60 nm, and the strands of the tubes are flexible. The tube structure was not broken after the adsorption process.



The image-processing technique evaluates the porosity and pore size distribution from SEM images. This technique is used for repetitive computational processes and for reducing the processing time of thresholding algorithms using ImageJ software. The percentages of porosity and pore size distribution were obtained via image thresholding of SEM images before and after adsorption, as shown in Figure 3. The SEM image was converted to an 8-bit grayscale pixel with integer values of 0–255 by applying the bandpass filter; the red region shows the porosity, as shown in Figure 4. The porosity % was found to be 6.57% and 5.36%. After adsorption, the porosity % was reduced to 5.14% and 3.57%, as given in Table 5.



The average pore radius is 1.61 nm and 1.72 nm, less than 2 nm (microspores), which is in agreement with the BET results shown in Figure 5a,c. After adsorption, the pore radius decreased to 1.42 nm and 0.58 nm, as shown in Figure 5b,d. The adsorption capacity of any adsorbent highly influences pore size distribution. If the adsorbent has a suitable pore radius or diameter, the adsorbate can achieve a good diffusion into the channels and be effectively adsorbed. When the pore diameter is enormous, the specific surface area will be small, and the adsorbent will have a low adsorption capacity.



On the other hand, if the pore radius is too small, it will limit the diffusion of solvents and adsorbates, enhancing the shielding effect for large-size molecules. When the radius is less than many times the diameter of the adsorbate, a potential shielding effect enhances the interaction between gas molecules and solid surfaces, thus increasing adsorption. The pore radius distribution curve before and after adsorption is shown in Figure 5. The pore size distribution becomes relatively narrow, indicating uniform pore size distribution after adsorption, as shown in Figure 5b,d [33].



Figure 6 shows the surface roughness of clay/CNTs before and after adsorption. The 3D surface plots of synthesized nanocomposites are composed of undulating valleys and peaks. The surface roughness (Ra) and root mean square roughness (Rq) were calculated using image processing. Figure 6a,c shows an aggregation of MWCNTs due to the loading of metal oxides, and a rougher surface can be seen due to the three-dimensional hybrid structure of nanotubes. The average roughness was calculated to be 35 nm and 23.4 nm, as shown in Figure 6. After adsorption, the surface becomes more brittle due to van der Waals forces of attraction and pi-pi interaction between the dye molecules. This decrease in surface roughness (Ra) after adsorption is due to the better dispersion of MWCNTs and poor electrostatic interaction between carbon nanotubes and the dye molecules [34]. The fluctuations and distribution of valleys and hills can be seen in the images in Figure 6b,d [35].



Figure 7a,b shows the comparison of surface roughness before after adsorption, it can be estimated from the figure that the surface become comparatively smooth after sorption however, there is no remarkably change is seen for Ra after adsorption.



The pore volume, pore diameter, and specific surface area of the adsorbent were found using a BET Analyzer. The BET-specific surface area of bentonite clay/CNT is 99.23 m2/g and 4.223 × 10−2. The pore diameter is 1.847 nm; <2 nm shows microspores according to IUPAC.



Figure 8a,b shows the EDX analysis of the synthesized nanocomposite before and after dye adsorption. The EDX spectrum is mainly composed of C, O, Al, Si, K, and Fe as a significant constituent of clay and CNTs, along with traces of Au, present as an impurity in the clay-CNTs, which may come from a coating of the sample with gold to avoid any accumulation of electric charges on the sample by placing the specimen in a sputter coater (AGB7340, Agar-UK) for one minute under vacuum.



In the composition of EDX, the analysis contains a significant portion of carbon (75%), oxygen (16%) adsorbent, and a small concentration of aluminum (4%). The weight % of C is 75.24, indicating the presence of major portion of carbon in the clay CNT structure. After adsorption, the percentage rose to 82.01, suggesting that carbonyl groups were present in dye molecules [36]. The element Al, Si, Fe, and K are present in the structure of bentonite clay. The slight decline in the peaks of oxygen and aluminum shown in Figure 8a,b indicates that the amount of oxygen was reduced from 16% to 11%, and Al from 4% to 2%, due to oxidation. The Al/Si ratio was found to be 0.55, and after adsorption, this ratio was reduced to 0.53% due to increasing Si content and decreasing Al and O peaks when treated with 5 M sulfuric acid. The silica to alumina ratio was increased, thus creating more pores, acidity, surface area, and available active sites for adsorption; hence, the rate of adsorption increased by increasing the Si/Al ratio. This molar ratio decreased after adsorption due to a decline in acid active sites of adsorbent available for adsorption [33,37] and can be seen in Figure 8b after adsorption, as shown in Table 6.




3.2. ANOVA for Experimental Results Using CCD


The adequacy of the model developed was justified via the analysis of variance (ANOVA) [9]. Table S1 (Supplementary Data) also provides the statistical analysis of empirical data using the significant factors; Fischer’s test (F-value) for ANOVA gives detailed information about the p-values for every independent variable. The model F value of 37.04 and the p-value less than 0.05 (>95% confidence level) were obtained. The value of the determination coefficient (R2) was found to be 0.9447, showing that the suggested model could explain 94.47% of dye removal variability but could not explain 5.53% of the whole variability. However, the predicted R2 value of 0.8463 is also very high, providing an inequitable agreement with the adjusted R2 (0.9192). This shows the validity of the suggested model. The higher value of R2 reveals that the model fitting was successful with the given dataset. Moreover, the adjusted R2 and the predicted R2 value should be less than 20% for a model to be significant. In this study, the adjusted R2 value of 0.9192 was in reasonable agreement with the predicted R2 of 0.8463, showing the model’s validity. The lack of fit with an F-value of 1.94 was insignificant. The non-significance of the lack of fit test indicated the good adequacy of the predicted model.



The regression coefficients equation and the experimental data were fitted onto the given second-order polynomial equation, Equation (5). The actual factor percentage removal can be explained, as presented in Equation (6).


Y (% Removal) = 70.54 + 12.49 A − 1.45 B + 7.72 C − 2.98 AB − 1.06 AC + 256 BC in terms of coded factor



(5)






Y (% Removal) = 7.77 + 0.83297 A + 1.29159 B + 0.11749 C − 0.0467680 AB − 9.56533 × 10−4 AC + 0.022725 BC in terms of actual factor



(6)







A is the adsorbent dose in mg, B is pH, and C is Time in minutes. Increasing the pH above pHZC negatively affects the percentage of dye removal. However, increasing the time and adsorbent dose positively affects the percentage of dye removal. Moreover, all the factors having negative regression coefficients negatively affect dye removal. A maximum response of 89.41% was obtained under the optimum conditions of a pH of 3, a time of 120 min, and an adsorbent dose of 100 mg. The ANOVA response and model results from response surface plots have been presented in the Supplementary Data File (Table S1). At the same time, Figure S1 indicates the residuals of the plots from the prediction and actual datasets (Supplementary Data File).




3.3. Optimization of Process Parameters


The 3D surface plots illustrate the dependent and independent variables that influenced the percentage of dye removal. The 3D response plots of the process variable as a function of the two input variables are shown in Figure 9a. pH had a profound effect on dye removal. The optimal dye removal was found to be 89.9%, which was achieved at a pH of 3, an adsorbent dose 100 mg, and a contact time of 120 min. It was noticed that at pH < pHzc, the surface of the adsorbent became protonated; the resulting protons at the interface (adsorbate-adsorbent) repel the cationic dyes and attract the anionic ones. The electrostatic attractions of dye molecules increased by pi–pi interactions, hydrogen bonding, and dipole interactions [30]. An increase in the pH resulting the decrease of (H+) ion concentration, favoring more cation adsorption on the negative adsorption sites with strong electrostatic interactions. The pHzc of modified bentonite clay CNT was determined to be 4.5. If pH = pHzc, the positive and the negative charges of the adsorbent surface would become equal, whereas if pH > pHzc, the adsorbent surface has a more negative charge due to deprotonation of functional groups, i.e., -OH and –COOH, which repels the anionic dye [38].



Figure 9b shows the relationship between pH and adsorbent dose; increasing the pH and adsorbent dose increased the removal efficiency at a certain point, but further increasing the pH would not appreciably increase the dye removal efficiency due to fewer available active sites for adsorption [39]. Figure 9c shows that by increasing the adsorbent dose, more of the effluents are adsorbed on the surface of the adsorbent due to an increase in the interaction between adsorbent and adsorbate. However, by increasing the contact time along with the adsorbent dose, the adsorbate may diffuse on the surface of the adsorbent. Figure 9d indicates that the removal efficiency is increased by increasing the adsorbent dose and time. The red region offers the maximum dye removal of 89.9% due to more interaction of adsorbent and adsorbate. Hence, the adsorbent dosage and time were the significant parameters for the dye removal. Figure 9e shows that by increasing time, the color removal was increased due to more interactions of adsorbent and adsorbate, and the surface became deprotonated, which increased the number of active sites available for adsorption. Figure 9f shows a significant reduction caused by increasing time and pH.




3.4. Model Validation


For model validation, additional experiments were performed. The points mentioned below were selected within the design area and were not superimposed at any former experimental conditions used for model development. The model was negated if the actual or experimental result for any points were not in the corresponding range. Here, all the results were validated. The predicted value is 91.56%, and the experimental value is 89.41%; hence, the model shows a 2.14% error with 95% confirmation of results, as shown in Table 7 [40].




3.5. Process Modelling


Adsorption Isotherms


The distribution of the dye molecules at the solid–liquid interface and sorption mechanism was modelized using the adsorption isotherm models. The equilibrium data of the adsorption of MB dye on the bentonite/CNT surface were analyzed via linear and nonlinear regression forms of Langmuir, Freundlich, and Temkin isotherm models as shown in Figure 10 [38]. The Langmuir models sown in Figure 10a were developed for both linear and nonlinear isotherms. The values of sorption capacity (qe) and the Langmuir constant (RL) were calculated from the slope and intercept from linear regression analysis. The closeness of qe (550.30 mg.g−1) to the experimental data (550 mg.g−1) confirms the applicability of this model. The value of the regression coefficient in the case of linear one is R2 = 0.9726, with RL = 0.428 confirming that the favorable sorption in the case of nonlinear regression provides a high regression coefficient of R2 = 0.999; qeexp = 550.30 mg.g−1 with reduced chi-square error of 0.001, as shown in Table 8. The values of R2 and qe are higher than that of the clay-based adsorbent used in treating reactive dyes in the literature [41], as 0.96 and 452 mg.g−1. This shows the good fitness of the developed model. It also shows the monolayer formation of the dyes that may saturate the homogenous sites of the synthesized composite. The Freundlich isotherm (Figure 10b) given in Table 2 assumes the adsorption of the dyes on the heterogeneous surface of the synthesized adsorbent. The Freundlich constants and the Freundlich exponent, KF and 1/n, are 607 mg.g−1 and 0.04837, respectively (Table 8). In this study, the value of 1/n is less than 1 for both linear and nonlinear studies, which shows the usefulness of synthesized adsorbent for the studied dye removal. However, this model (Table 8) revealed a poor fit (R2 = 0.993) compared to the Langmuir constant, which was 0.997, reflecting the homogeneous distribution of sorption sites and monolayer coverage of clay/CNTs. The qeexp is far away from the calculated qe, which shows that the developed model fits with the experimental data. The Temkin model as shown in Figure 10c values given in Table 2 shows a good fit to the present study, with an R2 value of 0.965 (Table 8). The fitness of this developed model with the experimental data indicates the uniform binding energies of the clay/CNTs. The R2 value is improved In the case of nonlinear regression (as 0.998, which is closer to that of the Langmuir); however, the value of sorption capacities (qeexp) for the nonlinear Langmuir model is more closed to the experimental data compared to both the Freundlich and Temkin models, with a least chi-square error of 0.0001. In comparison, the non-linear regression provides higher regression coefficient (R2) values of 0.9999, 0.9999, and 0.9987 compared to linear ones as shown in Figure 10d. Similar results were obtained by using a clay-based adsorbent while treating methylene blue and Congo red dyes with R2 of 0.998 and a CNT-based adsorbent, with regression coefficient of R2 value of 0.919 and adsorption capacities of 22.4 mg.g−1 [29,42] when treating crystal violet and brilliant green dyes from an aqueous solution. However, the present study revealed higher sorption capacities than other clay-based adsorbents [43].



The availability, abundance, high adsorption capacity, and high removal efficacy of the synthesized adsorbent, compared to raw bentonite, modified bentonite or other clay-based adsorbents, has made this adsorbent an excellent alternative for removing dyes from textile wastewater under real-world conditions.





3.6. Adsorption Kinetics


The kinetics modeling was used to examine the rate of uptake of dyes and COD removal, which describes the adsorption capacity of adsorbate on the adsorbent surface at each equilibrium contact time. The difference between the calculated and actual qe values and correlation coefficients was used to determine the best-fitted kinetics model for COD and the percentage of dye removal. In the case of linear study, the second-order kinetics showed the best fit, as the regression coefficient value for the pseudo-second-order kinetics is R2 > 0.999 with a low error margin (X2 = 0.22) compared to the pseudo-first-order kinetics showing the chemisorption. Thus, overall chemisorption could provide the possible adsorption mechanism for optimal COD and color removal. Whereas in the case of nonlinear kinetics, despite the high value of K2 (0.155), the pseudo-second-order kinetics fitted better to the data in terms of both (R2 = 1) and error (X2 = 0.34). The adsorption rate-control mechanism was estimated for the adsorption of real textile effluents on modified bentonite clay/CNTs with the help of the (intra-particle) diffusion model. It is important to note that adsorbate with high COD values would indicate a high boundary layer resistance to the IPDM. The regression results of the IPDM fittings, as shown in Figure 11, reveal that IPDM mainly controlled the adsorption of textile dyes on bentonite clay/CNTs with high R2 = 0.938 [44]. This complexity was attributed to the diverse nature of bentonite clay adsorbent due to various types of aluminosilicates clay minerals. The equation can be seen in Table 6, where C was the intercept reflected the boundary layer thickness and Kdiff (mg·g−1. min−0.5) reflected the fractional equilibrium attainment, which was calculated through the slope [2]. Thus, the intraparticle model also shows better results in the case of nonlinear modeling (R2 = 0.945 and X2 = 0.01). The nonlinear kinetics was used to examine the color removal, COD removal, and the uptake capacity of adsorbate on the adsorbent surface. The differences between the experimental and calculated qe values and correlation coefficients were used to determine the best-fitted kinetics model for removing COD and color. Nonlinear, pseudo-first-order kinetics provided the best fit, with R2 = 1 closer to unity compared to non-linear, pseudo-second-order kinetics, with R2 = 0.995 favoring chemisorption. The calculated value of qe is more close to the actual one in the case of non-linear, pseudo-first-order kinetics, with a higher-rate constant value than the nonlinear pseudo-second-order kinetics. The chi-square error for non-linear, first-order kinetics was reduced compared to the pseudo-second-order. More data on the adsorption kinetics model can be found in the Supplementary Data (Table S2).




3.7. Thermodynamics Study


For an evaluation of feasibility and the nature of adsorption, the thermodynamic study was performed under the optimum conditions of a pH of 3 and an adsorbent dose of 0.1 g for one hour. The Van’t Hoff equation (Equations (7)–(9)) and plots in Figure 11f for the adsorption of textile dyes on hybrid composites represent the calculated values of thermodynamic parameters. Entropy change (ΔS), Gibbs free energy change (ΔG°), and enthalpy change (ΔH°) are shown in Table 9. At all the studied temperatures (308, 318, and 328 K), the (ΔG°) Gibbs free energy values were negative, indicating that the adsorption of adsorbate on adsorbent was spontaneous and feasible. The positive value of enthalpy change (ΔH), i.e., (69.69 kJ/mol) was found from the slope of the straight line being plotted, indicating that the process was spontaneous and endothermic. The positive value of (ΔS) was found from the intercept, which showed the increased randomness during the dye’s desorption on the adsorbent surface. During desorption, the adsorbed molecules are replaced by the adsorbate ions, resulting in more randomness and translational entropy in the system [45].



The coefficient, R2, was found to be 0.95, and the trend straight line indicates that the adsorption capacity and degree of spontaneity were enhanced at elevated temperatures. The R is rate constant in kjmol−1 [46].
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3.8. Effect of Process Variables on Percentage Color Removal


3.8.1. Effect of Time


The effect of process variables on percentage color removal was investigated by repeating the adsorption experiment under the optimum conditions of a pH of 3 and adsorbent dose of 100 mg at 250 rpm for two hours. The sample was collected at regular intervals. The faster process of color removal may be attributed to the presence of many empty sites available for adsorption [47]. The maximum color removal rate of 89.41% can be seen at 120 min, as shown in Figure 12a.




3.8.2. Effect of Adsorbent Dose


The percentage of color removal was increased by increasing the adsorbent dose from (20–100 mg) this trend was attributed to an increased number of available adsorption sites and enhanced pore surface areas. This led to increased penetration of adsorbent molecules into adsorption sites, due to the availability of large vacancy sites accessed by the dye molecules in the textile wastewater [48]. The maximum color removal rate of 89.9% was achieved at 100 mg, as shown in Figure 12b.




3.8.3. Effect of pH


The percentage of color removal was increased by increasing the pH of the solution. By increasing the pH, the surface of the sorbent becomes protonated due to the release of H+ ions, which favors the adsorption of anionic dyes; however, with further increases in pH, the surface of the sorbent becomes deprotonated, which reduces the adsorption of anionic dyes due to the electrostatic repulsion between the dye molecules and the adsorbent, as shown in Figure 12c.




3.8.4. Effect of Temperature


Additional adsorption experiments were performed under optimum conditions in order to study the effect of temperature on the unit mass of the adsorbent. It can clearly be seen that by increasing the temperature, the adsorption capacity was increased due to more particles being diffused on the pores of the adsorbent. Adsorption capacity has increased as a result of increasing the temperature, favoring the endothermic process, as shown in Figure 12d [49].





3.9. Cost Estimation


The feasibility and selection of an adsorbent is highly depend upon the overall preparation cost [50]. The preparation cost of bentonite/CNT-Al2O3-MnO2 at the laboratory scale can be calculated by using the following equation, as reported by Chakraborty and colleagues [51,52].


    C O S T   A D   = (   C O S T  P  +   C O S T   P R O   +   C O S T   A C   ) + O T H E R   C O S T  



(10)







Here, COSTAD is the total cost for adsorbent preparation; COSTP is the cost of precursor procurement; COSTPRO is the cost incurred during precursor processing (including washing, drying, etc.); COSTAC is the cost of chemicals used in clay and CNT activation; COSTC is the electricity cost for drying); OTHER COST includes costs incurred during the adsorbent preparation, with 10% offset costs for any material loss occurred during the process.


COSTP = cost of chemicals + transportation cost + packing cost + storage cost = 0.35 USDkg−1










Cost of chemicals = (0.03$ + 0.0041$ + 0.001$ + 0.001$ + 0.74$) = 0.776$/kg











Transportation cost + packing cost = 0.023$ + 0.2$ = 0.223 kg−1 (this will be reduced for large procurement of precursor.



COSTAC = Cost of sulphuric acid activation + Cost of oven drying + cost of reflux for 24 h + sonication for 0.5 h = (0.65$ + 1$ + 0.35$) = 2 USD/kg



OTHER COST = 10% offset waste disposal and recycling cost = 0.2 us$/kg



COSTPRO = (cleaning by distil waster cost and drying cost) = 0.01$/kg as drying cost is added to the activation cost we consider only the cleaning cost here.



Thus, the cost for adsorbent preparation is found to be = (0.7765 USD +2 USD+ 0.2$ + 0.01 USD) = 2.986 USDKg−1. The overall process seems to be feasible.




3.10. Comparison with Other Adsorbents


Bentonite clay and MWCNTs have been studied widely for the removal of dyes from wastewater. It has been confirmed from the literature that when bentonite clay and MWCNTs are chemically modified and fabricated with other compounds, their removal efficiency and adsorption capacities are remarkably enhanced compared to their raw equivalents, as shown in Table 10. However, very little research has been conducted on removing dyes from industrial or real textile wastewater. Moreover, more low-cost and selective adsorbents are still needed for wastewater treatment.





4. Conclusions


This research has demonstrated the effective application of a novel bentonite-clay/CNT-based nanocomposite for treating real textile wastewater. The RSM approach was used to perform the parametric optimization of, i.e., adsorbent dose, pH, and time. An optimal color and COD removal of 89.9% and 96% was achieved at pH of 3, contact time 120 min, and an adsorbent dose of 100 mg with an adsorption capacity of 550 mg/g. The FTIR results show that COOH, C=C, and SI-Al were mainly present in the adsorbent. The nonlinear Langmuir isotherm model fit and sufficiently explained the equilibrium adsorption. The kinetics study showed that the adsorption process best fits nonlinear, pseudo-first-order kinetics. The effect of pH, time, temperature, and adsorbent dose on the color removal of real textile wastewater was also studied. Nonlinear regression analysis proved more suitable than linear analysis for predicting optimum kinetics, isotherms, and parameters with reduced errors (X2) and a high coefficient of determination (R2). The BET analysis showed a highly microporous surface of the composite with enhanced surface area after adsorption. Image analysis has been performed to analyze surface roughness parameters, Ra, Rq, and image thresholding was utilized to determine the percentages of porosity and pore size distribution before and after adsorption, using image processing software. The surface became smoother and less porous after adsorption, due to the poor interaction between dye molecules and the adsorbent. The novel modified bentonite clay/CNT nanocomposite proved a promising adsorbent for treating real textile wastewater. However, this clay-based nanocomposite might also perform well in separating various types of cationic and anionic dyes from an aqueous solution.
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Figure 1. (a) Synthesis of modified bentonite clay/CNT nanocomposite. (b) UV spectra of textile wastewater. 
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Figure 2. FTIR spectra before and after the adsorption experiment. 
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Figure 3. Particle size distribution of SEM images before adsorption (a,b,e,f) and after adsorption (c,d,g,h). 
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Figure 4. Image thresholding for SEM images before adsorption (a,c) and after adsorption (b,d). 
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Figure 5. Pore size distribution of SEM images before adsorption (a,c) and after adsorption (b,d). 
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Figure 6. The surface roughness of SEM images before adsorption (a,c) and after adsorption (b,d). 
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Figure 7. (a) Comparison of surface roughness of nanocomposite before and after adsorption. (b) Surface roughness (a,b) before adsorption (c,d) after adsorption. 
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Figure 8. (a) EDX Analysis before adsorption; (b) EDX analysis after adsorption. 
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Figure 9. 3D surface (a–c) and contour plots (d–f) before and after adsorption for the parameter optimization between the pH, contact time, and adsorbent dosage. 
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Figure 10. (a) Langmuir adsorption, (b) Freundlich isotherm, and (c) Temkin isotherm models for removing COD at pH = 3, t = 60 min, adsorbent dose = 100 mg. (d) Non- linear Isotherms. 
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Figure 11. (a) Linear pseudo-first-order; (b) linear pseudo-second-order; (c,d) Intraparticle diffusion model (e) non-linear kinetics study (f) thermodynamic parameters. 
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Figure 12. (a) Effect of time (b) Effect of adsorbent dose (c) Effect of pH (d) Effect of Temperature. 
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Table 1. Characterization of real textile wastewater.






Table 1. Characterization of real textile wastewater.





	Parameters
	Before Treatment





	pH
	10.1



	TDS (mg/L)
	2750



	Electrical conductivity (µS)
	5550



	Chemical oxygen demand (mg/L)
	1140



	Turbidity (NTU)
	0.79



	Color
	Dark red



	Dilution factor (DF)
	10










 





Table 2. Equations for isotherm and kinetic studies.
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	Isotherm
	Kinetics





	Langmuir
	Pseudo-First Order



	      C e     q e    =  1  b  q  max     +    C e    q max   ( L i n e a r )   

      q  max    K L   C e    1   +    K L   C e    ( N o n - L i n e a r )   
	   L n   q e − q t   =   ln q e −  q t  ( L i n e a r )   

     d  q t    d t   =    K t  (  q e  −  q t  ) ( N o n - L i n e a r )   



	Freundlich
	Pseudo-Second order Kinetics



	   L o g  q e    = L o g  K F  +   log  C e   n  ( L i n e a r )   

    q e    =  K F   C e      1 n    ( N o n - L i n e a r )   
	   t   q t    =  1  K  q    2      e   2    +  t   q e      (Linear)

    d  q t    d t   =  K 2    (  q e  −  q t  )  2    (Non-Linear)



	Temkin
	Intraparticle Diffusion model



	   q e  =   R T  b  ln  K T  +   R T  b  ln  C e    (Linear)

   q  e `   =   R T  b    ln (  A T     C e  )   (No linear)
	    q t  = K diff  t   1 2    + C   










 





Table 3. Experimental ranges for the central composite design.
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	Factor
	Variable
	−1
	0
	1
	−a
	a





	A
	Adsorbent dose (mg)
	50
	75
	100
	−1
	1



	B
	pH
	3
	5.5
	8
	−1
	1



	C
	Time (minutes)
	30
	75
	120
	−1
	1










 





Table 4. Experimental runs based on CCD.
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	Run
	Factor 1

A: Adsorbent Dose (mg)
	Factor 2

B: pH
	Factor

C: Time (Minute)
	Response

% Decolorization





	1
	75
	5.50
	75
	72.37



	2
	50
	5.50
	75
	50.754



	3
	50
	8
	30
	50.3256



	4
	75
	5.50
	75
	67.455



	5
	100
	5.50
	75
	85.78



	6
	75
	5.50
	120
	81.71



	7
	75
	5.50
	75
	69.611



	8
	75
	5.50
	75
	67.511



	9
	50
	8
	120
	72.425



	10
	100
	8
	30
	69.215



	11
	75
	5.50
	75
	73.11



	12
	100
	3.0
	30
	81.796



	13
	75
	5.50
	30
	63.057



	14
	75
	3.0
	75
	75.21



	15
	50
	3.0
	30
	51.475



	16
	100
	8
	120
	86.57



	17
	100
	3.0
	120
	89.41



	18
	75
	8
	75
	67.71



	19
	50
	3.0
	120
	62.86



	20
	75
	5.50
	75
	72.41










 





Table 5. Porosity for SEM images using ImageJ.






Table 5. Porosity for SEM images using ImageJ.





	
% porosity of SEM images of Figure 3.




	
Before Adsorption

	
After Adsorption




	
a. 6.597%

	
c. 5.14%




	
b. 5.36%

	
d. 3.578%











 





Table 6. Elemental composition of Clay/CNT before and after adsorption.






Table 6. Elemental composition of Clay/CNT before and after adsorption.





	Element
	Weight % before Adsorption
	Weight% after Adsorption





	C
	75.24
	82.01



	O
	17.02
	12.52



	Al
	2.27
	1.53



	Si
	4.07
	2.32



	K
	0.29
	0.22



	Fe
	0.43
	0.22










 





Table 7. The experimental and numerical computed removal efficiency of dye removal via adsorbent.






Table 7. The experimental and numerical computed removal efficiency of dye removal via adsorbent.





	
Adsorbent Dose mg

	
pH

	
Time

Minute

	
Model Desirability

	
Removal%




	

	
Predicted

	
Experimental

	
Error%






	
100

	
3

	
120

	
0.946

	
91.55

	
89.41

	
2.14











 





Table 8. Adsorption isotherms.
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Linear Isotherm

	
Nonlinear Isotherm




	
Model and Equations

	
Parameter

	
Value

	
Value






	
Langmuir

	
qm (mg/g)

	
518.13

	
518.23




	

	
R2

	
0.99726

	
0.9999




	
RL

	
0.427

	
0.4287




	
qecal

	
550.30

	
550.1




	
X2

	
0.00009

	
0.0001




	
Freundlich

	
KF

	
601

	
657




	

	
R2

	
0.993

	
0.9999




	
1/n (g/L)

	
0.04837

	
0.04837




	
qecal

	
557

	
550.25




	
X2

	
0.087

	
0.0001




	
Temkin

	
AT (L/mg)

	
4.16 × 10−7

	
8.89 × 1042




	

	
BT

	
49.158(j.mol)

	
5.29




	
qecal

	
542

	
542




	
R2

	
0.9655

	
0.9987




	

	
X2

	
0.11

	
0.11











 





Table 9. Thermodynamic parameters for the removal of textile dyes.
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	Temperature (K)
	1/T(K−1)
	ΔG° (kJ/mol)
	KL(KL (L/g)
	LnKL (L/g)
	ΔH° (kJ/mol)
	ΔS° (kJ/mol/K)
	qe (mg/g)
	R2





	308
	0.003247
	−0.97873
	1.465517
	0.382208
	
	-
	425
	0.95



	318
	0.003145
	−4.08128
	4.681818
	1.543687
	-
	-
	515
	-



	328
	0.003049
	−5.54608
	7.642857
	2.033772
	69.6927
	0.2300
	535
	-










 





Table 10. Comparison of different low-cost sorbents.
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	Adsorbents
	Textile Dye
	Removal Efficiency (%)
	Adsorption Capacity mg/g
	References





	MWCNT/TiO2
	Indigo carmine dye
	83
	292
	[53]



	Bentonite clay
	Reactive Black 5
	58
	29
	[54]



	Bentinite clay
	Methylene Blue
	70
	23
	[55]



	Biocomposite sodium alganite-acidified clay
	dyes
	>90
	8.39
	[56]



	Acid-functionalized bentonite
	Methyl Orange
	90
	237
	[57]



	Mgo-impregnated clay
	Malachite green
	98
	17.3
	[29]



	Acid-modified CNTs
	Ismate Violet 2R
	88.2
	76.92
	[11]



	COOH-MWCNT
	Methyl Red
	95
	80.33
	[13]



	Modified clay/CNT
	Textile dyes
	89.9
	550
	Present study
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